The corpus callosum is the largest commissural system in the mammalian brain, but the mechanisms underlying its development are not well understood. Here we report that neuronal activity is necessary for the normal development and maintenance of callosal projections in the mouse somatosensory cortex. We labeled a subpopulation of layer II/III callosal neurons via in utero electroporation and traced their axons in the contralateral cortex at different postnatal stages. Callosal axons displayed region-and layer-specific projection patterns within the first 2 weeks postnatally. Prenatal suppression of neuronal excitation was achieved via electroporation-induced overexpression of the inward rectifying potassium channel Kir2.1 in layer II/III cortical neurons. This resulted in abnormal callosal projections with many axons extending beyond layers II-III to terminate in layer I. Others failed to terminate at the border between the primary and secondary somatosensory cortices. Blocking synaptic transmission via expression of the tetanus toxin light chain (TeNT-LC) in these axons produced a more pronounced reduction in the projections to the border region, and the eventual disappearance of callosal projections over the entire somatosensory cortex. When Kir2.1 and TeNT-LC were coexpressed, callosal axon targeting exhibited a more severe phenotype that appeared to represent the addition of the effects produced by individual expression of Kir2.1 and TeNT-LC. These results underscore the importance of activity in regulating the developing neural connections and suggest that neuronal and synaptic activities are involved in regulating different aspects of the development of callosal projection.
Introduction
The mammalian somatosensory cortex, including the primary (S1) and secondary (S2) cortices, is the cortical region that first receives and processes somatosensory information from the thalamus. The generation of cortical outputs in response to sensory inputs requires functional connections between the cerebral hemispheres. Such interhemispheric connections occur primarily via the axons of the corpus callosum. The adult S1 contains some callosally projecting neurons in layers II-III (Ivy et al., 1984; Hedin-Pereira et al., 1999; Brown and Dyck, 2005) . During early postnatal development in rodents Killackey, 1981, 1982; O'Leary et al., 1981) , however, layer II/III cortical neurons initially send exuberant callosal projections to the contralateral S1 that are later pruned to the adult projection pattern. In contrast to S1, the S1/S2 border region receives dense callosal projections in the early postnatal period that are retained through adulthood (Wise and Jones, 1976; Akers and Killackey, 1978; Killackey, 1981, 1982; O'Leary et al., 1981; Olavarria and Van Sluyters, 1995) . Callosal connections in the somatosensory cortex are essential for the bilateral integration of cortical information (Shuler et al., 2001; Hlushchuk and Hari, 2006) , and delineating the precise mechanisms underlying their development are important for understanding how complex long-range circuits are formed in the brain.
Previous studies have shown that neuronal activity is necessary for the normal development of axonal projections in the vertebrate visual system (Sur and Leamey, 2001; Hensch, 2005) . Spontaneous neuronal activity before eye opening sculpts the initial connections, whereas evoked neuronal activity associated with the visual experience is vital for the refinement and maturation of these connections (Katz and Shatz, 1996) . Blockade of NMDA receptors abolishes the pruning of retinal axon branches in the developing optic tectum of Xenopus tadpoles (Ruthazer et al., 2003) . Suppression of neuronal activity in individual retinal ganglion cells inhibits their net growth and formation of new branches through an activity-based competitive mechanism (Hua et al., 2005) . Neuronal activity is also involved in the pathfinding of developing spinal motor neuron axons in chick embryos (Hanson and Landmesser, 2004; Li et al., 2005) , as well as in the establishment of olfactory sensory maps in mice (Yu et al., 2004) . Thus, both neuronal and synaptic activities are important for the development of neuronal connections in developing sensory systems.
In the developing cerebral cortex, intrinsic spontaneous activ-ity in layer V pyramidal neurons is necessary for the formation of their ipsilateral and layer-specific axon arborizations in the somatosensory cortex (Dantzker and Callaway, 1998; Butler et al., 2001) and callosal projections in the visual cortex (Mizuno et al., 2007) . Here we examined the role of neuronal and synaptic activities in the development of callosal connections in the somatosensory cortex, using in utero electroporation of exogenous constructs that perturb these activities in developing layer II/III cortical neurons. Our findings indicate that both electrical excitation and the synaptic outputs of these neurons are necessary for the development of their region-and layer-specific callosal projections in the somatosensory cortex.
Materials and Methods
Plasmid preparation. Expression plasmids encoding Kir2.1 (Kubo et al., 1993; Johns et al., 1999) or tetanus toxin light chain (TeNT-LC) (Hua et al., 1998; Burrone et al., 2002) fused with the Flag sequence (MDYKD-DDDK) at the N terminal under the control of the CAG promoter were generated. A non-conducting form of Kir2.1 (mutant Kir2.1) was also generated in which three amino acids at the pore region were mutated (GYG to AAA) (Burrone et al., 2002) . CAG-enhanced green fluorescent protein (EGFP) (Ding et al., 2004) was used to examine the normal development of callosal projections in the somatosensory cortex and to examine the consequences of expression of CAG-Kir2.1 and/or CAGTeNT-LC after developing callosal projections. In utero electroporation. After anesthesia with sodium pentobarbital, pregnant mice at 15.5 d postcoitum (dpc) were subjected to abdominal incision to expose the uterus. Through the uterine wall, embryos were visualized, and plasmids (1.5 g/l for each) were injected into the lateral ventricle through a glass capillary. Electric pulses were then delivered to embryos by gently clasping their heads with forceps-shaped electrodes connected to a square-pulse generator, ECM-830 (BTX, Holliston, MA). Five 36 V pulses of 50 ms were applied at 1 s intervals. Uterine horns were repositioned into the abdominal cavity before the abdominal wall and the skin were sutured. Pups were reared to different postnatal stages. Under deep anesthesia, mice were perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. At each time point, at least six pups (three for control and three for expression of Kir2.1, TeNT-LC, or both, respectively) from two to four pregnant mice were used for data analysis in each set of experiments, and only the cases in which electroporated neurons occurred exclusively in the somatosensory cortex were included. Animal care and experimental protocols were approved by the Institute of Neuroscience, Chinese Academy of Sciences, China.
Immunostaining, in situ hybridization, and terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining. Brains were cut into 20-m-thick transverse sections with a cryostat after cryoprotection with 20% sucrose in PB. To visualize callosal axons in their entirety, immunostaining for EGFP was performed using standard methods. Briefly, brain sections were incubated overnight with rabbit anti-GFP antibody (1:2000; Invitrogen, Eugene, OR) at 4°C, washed in 0.01 M PBS, pH 7.4, incubated with secondary biotinylated goat antirabbit antibody (1:200; Vector Laboratories, Burlingame, CA) for 2 h at room temperature, washed again in PBS, and incubated with Cy2-streptavidin (1:1000; Jackson ImmunoResearch, West Grove, PA) for 2 h. Sections were counterstained with Hoechst 33258 (Sigma, St. Louis, MO) to clearly identify cortical layers and the morphological features defining S1 (see Results). Mouse anti-Flag antibody (1:200; Sigma) was used to examine whether all EGFP-expressing neurons contain Kir2.1 or TeNT-LC after cotransfection of EGFP with Kir2.1 or TeNT-LC. Sections were observed under confocal or eipifluorescent microscopy. Antisense RNA probes were used to reveal expression of Kir2.1 and TeNT-LC mRNA in the electroporated somatosensory cortex, and terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) staining was performed on some brain sections to assess possible electroporation-induced abnormal cell death, as described previously (Ding et al., 2003) .
Slice preparation and electrophysiological recording. Brain slices from postnatal day 7 (P7) mice were prepared by the use of previously described methods (Paxinos and Franklin, 2001 ) was selected from each mouse brain electroporated with Kir2.1 and EGFP (n ϭ 3 for each). Distances of three pioneer callosal axons from the midline were measured and averaged. A comparison with similarly selected control axons was performed with a Student's t test. For analysis of callosal ingrowth into the contralateral somatosensory cortex at P7-P9, brain sections were selected in the same way from each brain electroporated with Kir2.1 (n ϭ 4), TeNT-LC (n ϭ 3), and EGFP (n ϭ 4), respectively, and axons in layer IV of S1 and in the S1/S2 border region were counted. Because callosal axons traverse layer IV before terminating in layers II-III, axon counts in layer IV provided a valid measure of changes in callosal axon invasion en masse (see Results). For the S1/S2 border region, axons were counted in ϳ500-m-wide blocks centered on the lateral most S1; this area corresponds to the territory normally receiving a dense callosal projection, as revealed by EGFP expression (see Results). For S1, we counted axons in a region corresponding to the representation of the middle row/arc of mystacial whiskers; this S1 region at the approximate level of bregma Ϫ1.58 was ϳ1500 m wide. The counts from the S1 region were divided by 3, and the numbers of axons per 500-m-wide area were obtained. The numbers of axons in layer IV of S1 and the S1/S2 border regions (referred to as cortical invasion index) were statistically evaluated with a Student's t test. For analysis of the accuracy of layer targeting by callosal projections, one section at the approximate level of bregma Ϫ1.58 was selected from each of the brains transfected, respectively, with Kir2.1, TeNT-LC, and EGFP. The S1 and S1/S2 border regions were equally divided into 20 bins across all of layers I-V, and Cy2 fluorescent intensity in each bin was measured and normalized by Image-Pro Plus 5.0. Normalized data were pooled and compared with those from controls by the use of a Student's t test (n ϭ 4 for each).
Results

Normal development of region-and layer-specific callosal axon projection
Although callosal connections have been described in the somatosensory cortex (Ivy et al., 1984; Hedin-Pereira et al., 1999; Brown and Dyck, 2005) , their termination sites and development have not been fully characterized. We thus began our study by examining the development of axonal projections from layer II/ III pyramidal neurons that send the majority of callosal axons to the contralateral somatosensory cortex. The location of the somatosensory cortex was determined according to the criteria described by Paxinos and Franklin (2001) , with S1 and S2 clearly distinguished by Hoechst couterstaining. As shown in Figures 1C-J and 2 A-D, S1 is readily identified by its densely packed cells in layer IV before P5 and pronounced whisker-associated barrels thereafter, whereas S2 (located lateral to S1) displays neither of these properties. To label layer II/III pyramidal neurons of the somatosensory cortex, plasmids encoding EGFP were electropo-rated in utero into the dorsolateral ventricular zone of the mouse forebrain at 15.5 dpc (Hatanaka et al., 2006) . After electroporation, a significant number of EGFPexpressing neurons migrated to the superficial region of the cortex by P1. Most labeled cells had completed their migration into layers II-III by P3 ( Fig. 1 A, B) , and all were located in these layers after P6 ( Fig. 2C ; see Figs. 4 A, 5A).
Labeled callosal axons were first observed at P2 as they coursed medially and approached the midline (Fig. 1 A) . Callosal axons crossed the midline at P3 (Fig. 1 B) , coursed beneath the gray matter of the contralateral somatosensory cortex at P5 (Fig. 1C) , and penetrated the gray matter at P6 (Fig. 1 D) . Callosal invasion of the gray matter was first seen in medial S1 and spread laterally to the S1/S2 border region with development. After P8, projection patterns in S1 and the S1/S2 border region exhibited marked differences: callosal axons rapidly and densely invaded the S1/S2 border region by P9, with termination sites in layers I-III and V (Fig. 1G,H ) , whereas their further invasion of S1 was gradual and termination sites were mainly restricted to layers II-III (Fig. 1G,H ). These projection patterns appeared to reach maturity by P12 ( Fig. 1 I, J ) . Together, these studies showed the normal development of region-and layer-specific projections of the callosal system during the first 2 postnatal weeks, with a moderately dense projection to layers II-III of S1 and a more dense projection to layers I-III and V of the S1/S2 border region.
Assays of Kir2.1 overexpression in the somatosensory cortex
To examine whether neuronal electrical activity plays a role in callosal axon development in the somatosensory cortex, we overexpressed the Flag-tagged inward rectifying potassium channel Kir2.1 (Kubo et al., 1993; Johns et al., 1999) in layer II/III pyramidal neurons via in utero electroporation. In situ hybridization of electroporated cortex showed that Kir2.1 mRNA expression was located exclusively in layers II-III of the somatosensory cortex at P8, P12, P21, and P25 (see supplemental Fig. 1C , available at www.jneurosci.org as supplemental material, and data not shown). Neurons exhibiting EGFP fluorescence expressed functional Kir2.1, as determined by anti-Flag antibody and by wholecell patch clamping of EGFP-positive neurons in P7 cortical slices (see supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). Overexpression of Kir2.1 hyperpolarized neurons by shifting the average resting membrane potential from Ϫ60 to Ϫ81 mV (see supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). It also increased the threshold for evoking action potentials: a larger depolarizing current (ϳ110 pA) was required to evoke an action potential compared with that for control neurons (ϳ40 pA) (see supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). This is consistent with previous reports that overexpression of Kir2.1 in neurons reduces their spontaneous and evoked activity (Yu et al., 2004; Cancedda et al., 2007; Mizuno et al., 2007) . Together, Kir2.1 overexpression specifically in layer II/III cortical neurons effectively suppressed their spontaneous and evoked electrical activity in vivo.
Overexpression of Kir2.1 impedes callosal axon growth
Cortical neurons cotransfected with Kir2.1 and EGFP migrated to layers II-III with a time course similar to that of control neurons transfected with EGFP alone (Fig. 2 A-D; see Fig. 4 A, B) , suggesting that impaired neuronal excitation did not affect the radial migration of cortical neurons. Initial outgrowth of callosal axons on the ipsilateral side to electroporation was indistinguishable from littermate control axons (data not shown). However, Kir2.1-expressing axons lagged behind the control axons in their midline crossing at P3 and P4 (Fig. 3A,B) . In addition, fewer Kir2.1 axons were found in the gray matter of S1 at P7 and later compared with control axons (Fig. 3 C, D; see Fig. 5K ). Similarly, Figure 1 . Postnatal development of callosal projections in the somatosensory cortex. Layer II/III callosal neurons in the somatosensory cortex were labeled via in utero elecroporation of an EGFP-expressing plasmid, and their callosal axons were traced in the contralateral cortex at different postnatal stages. A-C, Callosal axons appeared on the electroporated side at P2 (A, arrowhead), crossed the midline (ML) in the corpus callosum at P3 (B, arrowhead), and extended in the white matter of the contralateral cortex at P5 (C). D, E, Callosal axons invaded the contralateral somatosensory cortex. At P6, most callosal axons were located below layer IV (D), whereas at P7, a significant number was observed in the superficial cortical layers (E). F-J, Callosal axons underwent region-and layer-specific projections during the second postnatal week. F, At P8, callosal axons arborized in layers II-III of the cortex. G, At P9, a dense callosal axon projection was observed at the S1/S2 border, and further axon arborization was seen in S1. H, At P10, callosal axon arborization was increased, with termination mainly in layers II-III of S1 and in layers I-III and V of the S1/S2 border region. I, J, After P12, the callosal projection remained stable as a similar pattern was observed at P60. I-IV indicate cortical layers. SSC, Somatosensory cortex; Hi, hippocampus; S1, primary somatosensory cortex; S2, secondary somatosensory cortex. Scale bar, 500 m.
fewer Kir2.1 axons were observed in the S1/S2 border region than control axons ( Fig. 3D; see Fig. 5L ). Thus, Kir2.1 overexpression in callosal neurons induces a delay in midline crossing and a reduction in the numbers of callosal axons entering the gray matter of S1 and the S1/S2 border region.
Kir2.1 overexpression disrupts layer-and region-specific callosal axon projection
Callosal axons normally display region-and layer-specific targeting in the somatosensory cortex during the second postnatal week. Unlike control callosal axons, which first ramify in layers II-III of S1 at P8 -P9, Kir2.1-expressing axons traversed these layers without obvious arborization and terminated in layer I (see Fig. 8 A, B) . The number of Kir2.1 axons in S1 was comparable to that of control axons at P9 (see Fig. 5K ), although, as noted above, the timing of such ingrowth was delayed (Fig. 3) . By P10 -P12, Kir2.1 axons extensively arborized in layer I of S1, particularly in its most superficial portion where control axon branching was not observed (Fig. 4C-F ) . This aberrant axon arborization in the superficial layer I appeared to be accompanied by a reduced axon branching in layers II-III and V (Fig. 4C-G) . At P25, the latest time point studied, the layer I-targeting preference persisted, although slightly more extensive axon arbors occurred in layers II-III (data not shown). Thus, suppression of electrical excitation in callosal axons caused defects in layer-specific targeting in S1.
In addition to the layer I-targeting preference in S1, Kir2.1-expressing callosal axons also displayed targeting errors at the S1/S2 border. Whereas callosal axons normally project promptly and extensively at the S1/S2 border by P8 -P9 (Figs. 1 F, G, 5L ; see Fig. 8 A) , Kir2.1 axons showed an unusually sparse projection to this area ( Fig. 5L ; see Fig. 8 B) , a situation found to persist at P12 and P25 (Fig. 4 D) (data not shown). As was the case in S1, the majority of Kir2.1 axons bypassed layers II-III and terminated densely in layer I of the S1/S2 border region (Fig. 4 D, I ,J ). These findings indicate that suppression of electrical excitation in callosal axons produces region-and layer-specific targeting errors.
To test the possibility that the observed defects in callosal axon development were caused by other confounding effects of Kir2.1 overexpression unrelated to its channel function, a plasmid encoding a mutated form of Kir2.1 lacking the channel activity was electroporated in otherwise normal and age-matched littermates in utero. Consistent with that observed in the mouse visual cortex (Mizuno et al., 2007) , we found that overexpression of the mutant Kir2.1 did not affect the radial migration of transfected cortical neurons or the growth or pathfinding of their axons (data not shown).
Blocking transmitter release leads to different defects in callosal axon projection
The effects of Kir2.1 overexpression described above could be attributed to the suppressed neuronal excitation or to the failure of establishing proper synaptic transmission as a result of reduced neurons were located in layers II-III of S1 and S2 at P7. Sections were counterstained with Hoechst (red), and the S1 region was delineated by whisker-associated barrels (arrowheads). A and C, and B and D, are the same field, respectively. E, F, TeNT-LC-expressing (F ) and EGFPexpressing (E) neurons were located in layers II-III of S1 and S2 at P7. Hi, Hippocampus; Con, control. Scale bar, 550 m. . Overexpression of Kir2.1 led to the disruption of layer-and region-specific callosal projections in the contralateral somatosensory cortex at P12. A, B, Cortical neurons transfected with EGFP (A) and Kir2.1 (B) were located in layers II-III of S1 and S2. C-J, At P12, control callosal axons terminated primarily in layers II-III of S1(C, E), whereas Kir2.1-expressing axons bypassed these layers and terminated in layer I (D, F ). At the S1/S2 border, Kir2.1-expressing axons (D) were lower than controls (C), and they tended to terminate preferentially in layer I as well (I ). E, F, High magnification of control (C) and Kir2.1-expressing (D) axons in S1. H, I, High magnification of control (C) and Kir2.1-expressing (D) axons at the S1/S2 border. G, J, Layer distribution of control and Kir2.1-expressing axons in S1 and at the S1/S2 border. Normalized intensities of immunofluorescence represent densities of callosal axons in different layers of the somatosensory cortex. Con, Control; Hi, hippocampus. Scale bars: A, B, 550 m; C, D, 300 m; E, F, H, I, 100 m. were located in layers II-III of S1 and S2 at P10. C-J, In S1, control callosal axons primarily terminated in layers II-III (C, E), whereas TeNT-LC-expressing axons exhibited poor arborization in these layers (D, F ). At the S1/S2 border, dense callosal projections were found in control (C, H ) but not in TeNT-LC (D, I ) expression. G, J, Layer distributions of control and TeNT-LC-expressing callosal axons in S1 and the S1/S2 border region were shown by normalized immunofluorescence intensities of callosal axons. K, In S1, after expression of Kir 2.1 and TeNT-LC in layer II/III cortical neurons, their callosal invasion of the contralateral cortex was decreased at P7 (*p Ͻ 0.01), but it reached a similar level as control axons at P8 and P9. L, Expression of Kir 2.1 and TeNT-LC dramatically reduced callosal projections to the S1/S2 border region at P7-P9 (*p Ͻ 0.01). The cortical invasion index was determined by the numbers of collosal axons per a 500-m-wide region of layer IV of S1 and the S1/S2 border region (see Materials and Methods). Scale bars: A, B, 450 m; C, D, 250 m; E, F, H, I , 120 m.
firing of callosal axons. To distinguish between these two possibilities, we specifically blocked the transmitter release from developing cortical neurons by in utero electroporation of the TeNT-LC, which cleaves the vesicle-associated membrane protein complex that is necessary for normal vesicular exocytosis (Hua et al., 1998; Yu et al., 2004; Hua et al., 2005) . Immunostaining and in situ hybridization assays indicated that TeNT-LC was expressed in layers II-III of the somatosensory cortex after in utero electroporation (see supplemental Fig. 2 A-C , available at www.jneurosci.org as supplemental material). Expression of TeNT-LC did not affect the radial migration of the cortical neurons (Fig. 2 F; see also supplemental Fig. 2 D-F , available at www. jneurosci.org as supplemental material), nor their initial axon outgrowth, midline crossing, and penetration of the contralateral white matter at P2-P5 (data not shown). However, we found that at P6 -P7 the invasion of the gray matter in both the S1 and S1/S2 border regions was delayed (Figs. 3F, 5K,L) . Thus, transmitter release is not required for callosal axon elongation but is necessary for the timely projection to their targets.
Expression of TeNT-LC had more profound effects during the second postnatal week. In S1, although a large number of TeNT-LC-expressing axons projected to contralateral layers II-III, they failed to ramify there. The conspicuous absence of terminal arborization (Fig. 5 D, F; see Fig. 8C ,F ) markedly differs from the Kir2.1 phenotype, where callosal axons showed extensive arborization in layer I after bypassing layers II-III (Fig. 4) . At the S1/S2 border, only a few TeNT-LC-expressing callosal axons were observed (Fig. 5 D, I ,L; see Fig. 8C,J ) , and the reduction in axon number is more severe than that observed for Kir2.1-expressing axons (Fig. 4) . Moreover, the numbers of TeNT-LCexpressing callosal axons in the somatosensory cortex decreased significantly after P10 and were nearly absent by P21 (Fig.  6 B, D,F ) . This gradual withdrawal of callosal axons from the entire somatosensory cortex cannot be simply explained by abnormal cell death caused by TeNT-LC transfection, because a significant number of TeNT-LC-expressing neurons remained in layers II-III of the electroporated side (Fig. 6 A, C,E ; see also supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) and no obvious increase in TUNEL-positive neurons in TeNT-LC-electroporated cortex was found compared with control cortex (data not shown). Thus, blocking transmitter release produces a paucity of callosal arbors and projections to the contralateral cortex and an eventual loss of these projections during early postnatal development. The latter result suggests that proper synaptic activity is required for the maintenance of callosal projections in the somatosensory cortex.
Coexpression of Kir2.1 and TeNT-LC results in additive effects on callosal axon projection
Development of callosal projections was also examined for layer II/III cortical neurons transfected with both Kir2.1 and TeNT-LC. Cortical neurons expressing both proteins migrated normally to layers II-III (Fig. 7D) . Initially, their callosal projections resembled those expressing Kir2.1 alone, with delayed midline crossing and ingrowth of callosal axons into the contralateral gray matter through P7 (data not shown). However, additive effects of Kir2.1/TeNT-LC coexpression were observed at later stages of development. The number of callosal axons was more drastically reduced in both S1 and the S1/S2 border region at P9 compared with that found for axons transfected with each protein alone (Fig. 8 A-D) . Yet, the few remaining axons found in the contralateral S1 bypassed layers II-III and arborized in layer I (Fig. 8 D, H ) , resembling the Kir2.1 (Fig. 8B,F) rather than the TeNT-LC (Fig.   8C,G) phenotype. The S1/S2 border region displayed a paucity of callosal axon invasion (Fig. 5D,L) , similar to the single transfection phenotype (Fig. 5D,J,K) . Subsequently, callosal axons were further diminished in density by P10 and almost completely eliminated by P14 (data not shown). Thus, simultaneous suppression of electrical excitation and synaptic transmission produced a more profound reduction in callosal projections in the somatosensory cortex than either manipulation alone. The observation of callosal axons bypassing layers II-III and arborizing in layer I in single Kir2.1 expression and coexpression of both proteins suggests that this overshooting phenotype results specifically from reduced neuronal activity, rather than impaired transmitter release.
Discussion
The use of in utero electroporation of EGFP in callosal neurons of the somatosensory cortex allowed our study on the role of neuronal and synaptic activities in the development of callosal projections. Within the first 2 postnatal weeks, contralaterally projecting layer II/III neurons have established their projections with a moderate density in layers II-III of S1 and a high density in layers I-III and V of the S1/S2 border region. Suppression of neuronal excitation via Kir2.1 overexpression resulted in a significant reduction in callosal projections to the S1/S2 border region and overshooting projections to layer I of both S1 and the S1/S2 border. Similarly, blockade of transmitter release from these callosal axons via expression of TeNT-LC eliminated the initial dense callosal projections to the S1/S2 border region and resulted in poor axon arborization in both S1 and S1/S2 border and an eventual complete elimination of these projections over the entire somatosensory cortex. The failure to maintain callosal axons led to the development of a somatosensory cortex mostly devoid of callosal inputs. The phenotypes caused by expression of Kir2.1, TeNT-LC, and both of them are summarized in Figure 9 . On the basis of these findings, we concluded that neuronal activity and transmitter release, either spontaneously or evoked by action potentials, are necessary for the initial development and maintenance of callosal projections to the somatosensory cortex.
Development of callosal projections to somatosensory and visual cortices
The barrel cortex (S1) has long been considered acallosal, but more recent studies suggest that callosal neurons do project to S1 (Ivy et al., 1984; Hedin-Pereira et al., 1999; Brown and Dyck, 2005) . Retrograde tracing studies have found that callosal neurons are numerous in layers II-III of the S1/S2 border region in rat and some are present in mouse S1 (Ivy and Killackey, 1981; Brown and Dyck, 2005 ). An anterograde study in hamster shows that callosal neurons in the parietal cortex terminate in layers II-III and V of the contralateral cortex (Hedin-Pereira et al., 1999) . Our findings on layer-and region-specific projections of callosal axons during postnatal development are consistent with these previous observations on the somatosensory cortex and a recent report on the development of callosal projections in the mouse visual cortex (Mizuno et al., 2007) .
In normal development, the formation of callosal projections in the somatosensory cortex exhibits a similarity to that found in the visual cortex (Mizuno et al., 2007) : axons cross the midline at P3 and display extensive terminal arborization in the contralateral cortex during the second postnatal week (P7-P13). However, there are some differences between the two sensory cortices. In the visual cortex, there is a 2-3 d "waiting period" (P5-P7) between the arrival of callosal axons and the onset of their invasion into the gray matter (Mizuno et al., 2007) . In the somatosensory cortex, no such waiting period was observed (the arrival of callosal axons at P5 is followed by the invasion of the gray matter at P6) (Fig. 1) . In addition, callosal projections in the visual cortex are only found in the border region between area 17 (primary visual cortex) and area 18 (secondary visual cortex) (Innocenti and Price, 2005; Mizuno et al., 2007) , whereas they are present in both S1 and the S1/S2 border region. These differences may reflect distinct functional requirements for the integration of somatosensory versus visual signals of two hemispheres and suggest the existence of cortical area-specific mechanisms for directing the formation of callosal connections.
Requirement of electrical activity for callosal axon projection
In vitro evidence has shown that intrinsic spontaneous neuronal activity is required for cortical layer VI neurons to develop their ipsilateral layer-specific arbors (Butler et al., 2001 ) and for layer II/III neurons to extend their ipsilateral axonal branches (Uesaka et al., 2005 (Uesaka et al., , 2006 . Altering primary afferent inputs to the somatosensory cortex by early sectioning of the infraorbital nerve, which conveys sensory information from the mystacial vibrissas, Figure 8 . Coexpression of Kir2.1 and TeNT-LC in callosal neurons caused more severe defects in the development of callosal projections in the somatosensory cortex than those of individual transfections at P9. A-D, Kir2.1/TeNT-LC-coexpressing callosal axons were more dramatically reduced in both S1 and the S1/S2 border region (D) compared with control (A), Kir2.1 (B), and TeNT-LC (C) axons. It should be noted that these reduced callosal axons in S1 bypassed layers II-III and ended in layer I (D, H ). The S1 regions in A-D were enlarged in E-H, respectively. The S1/S2 border regions in A-D were enlarged in I-L, respectively. Scale bars: A-D, 350 m; E-L, 100 m. Con, Control; KϩT, Kir2.1 plus TeNT-LC. or removal of the dorsal thalamus reduces the callosal projections in the S1/S2 border region (Koralek and Killackey, 1990) . These findings, together with the results presented here, indicate that both spontaneous and sensory-evoked neuronal activities are critical for the development of callosal projections in the somatosensory cortex.
In addition to a reduction in callosal projections to the border region, our data also demonstrates that Kir2.1 overexpression results in axon overshoot to layer I of both S1 and the S1/S2 border region (Fig. 4) , suggesting that correct layer-specific targeting requires spontaneous activity in callosal axons. In contrast, Mizuno et al. (2007) found that the same manipulation in the visual cortex using Kir2.1 overexpression caused only a reduction in callosal projections, mostly as a consequence of the failure of axon arborization in the 17/18 border region. This raises the possibility that neuronal activity has a differential effect on the development of callosal projections in different cortical areas. It remains unclear how neuronal activity affects the development of callosal projections. One possibility is that neuronal activity regulates the expression of membrane receptors for axon guidance cues in the growth cone of these callosal axons, allowing proper axon guidance to their targets. Reduced neuronal activity by Kir2.1 expression may result in a failure of sensing the targetderived "stop" signals, leading to axon overshoot to the superficial layer I. In developing chick spinal cord, blockade or slowing rhythmic bursting of motor neuron activities prevents the formation of normal expression patterns of EphA4 and polysialylated neural cell adhesion molecule on these neurons, and these altered expression patterns lead to motor axon pathfinding errors (Hanson and Landmesser, 2004) .
In addition, electrical activity may also regulate neuronal signal transduction pathways, via changes in Ca 2ϩ and cAMP levels, in a manner required for proper growth cone responses of the targetderived guidance cues (Ming et al., 2001) . In fact, a recent study shows that spontaneous activity of the retinal ganglionic cells is necessary for the ordering of the retinotopic map in the mouse tectum and cAMP oscillations in growth cones of the ganglion cells are required for the activity blockade-induced suppression of the repellent action of ephrin-A (Nicol et al., 2007) . Additional studies will be required to address these possibilities for the guidance of callosal axons. Finally, we noted that the observed effects caused by overexpression of Kir2.1 are likely to be cell autonomous, because untransfected somatosensory callosal projections to Kir2.1-electroporated cortex are normal (Y.-Q. Ding, unpublished observations).
Requirement of synaptic activity for callosal axon projection
Our data further showed that blocking transmitter release from callosal axons also disturbs their projections to the somatosenory cortex, indicating that synaptic activity is also required for the normal development of callosal projections. Interestingly, the effects of neuronal activity and synaptic transmission are not identical and are additive. For example, expression either of Kir2.1 or TeNT-LC reduced callosal projections to the S1/S2 border region, and coexpression led to a more pronounced reduction (Figs. 4, 5, 8) , showing an additive function in regulating callosal projection. However, overexpression of Kir2.1 delayed axon midline crossing (Fig. 3) , but expression of TeNT-LC had no effect on this process. The delayed midline crossing phenotype found in cotransfected axons resembled that of the Kir2.1 phenotype, indicating that neuronal excitation and transmitter release are differentially involved the callosal axon development. Similarly, the phenotype of axon overshoot and arborization in the superficial layer I is found in both Kir2.1-expressing axons as well as in cotransfected axons (Figs. 4, 5, 8) . Although evoked transmitter release and synaptic transmission depend on the neuronal activity, our results support a hypothesis that neuronal and synaptic activity are involved in regulating different aspects of the development of callosal projections.
Because the reduction in neuronal activity will result in a reduced transmitter release and synaptic activity at the axon terminals, it is possible that, under the present experimental conditions, the reduction in transmitter release caused by Kir2.1 overexpression had not reached the level of reduction caused by TeNT-LC overexpression, leading to some differences between the Kir2.1 and TeNT-LC phenotypes. However, the marked Figure 9 . A summary of callosal projection phenotypes after expression of Kir2.1, TeNT-LC, and both of them in layer II/II pyramidal neurons of the somatosensory cortex. Reducing neuronal excitability and blocking synaptic transmission leads to a great reduction in callosal projections to the S1/S2 border regions, and simultaneous manipulation results in a more pronounced reduction in the projections to the border region. Whereas reducing excitability in callosal neurons causes an overshooting phenotype in callosal layer targeting, blocking synaptic transmission impairs normal callosal axon arborization in both S1 and the S1/S2 border regions. It should be noted that callosal axons with reduced excitability and impaired transmitter release exhibit the overshooting phenotype but not the poor arborization phenotype in the somatosensory cortex. Arrowheads indicate the S1/S2 border. WM, White matter.
withdrawal of TeNT-LC-expressing callosal axons during later developmental stages (Figs. 6, 8) clearly suggests a distinct action of synaptic activity in the stabilization and maintenance of callosal axons in the somatosensory cortex. Synaptic activity may be required for synapse maturation during synaptogenesis (Murphy, 2003; Shen et al., 2006) and plays a stabilizing role during activity-dependent pruning of developing connections (Katz and Shatz, 1996) .
In summary, the present study revealed an activity-dependent mechanism underlying the development of callosal projections in the somatosensory cortex. We found that suppression of neuronal activity and blocking transmitter release leads to the disruption of region-and layer-specific callosal projections in the cortex. Our results suggest that neuronal and synaptic activities play additive as well as distinct roles in regulating the development of callosal projections.
